Abstract
Introduction
Recent demand and utilization of 3-D terrain information have been increased in various fields, such as urban planning where realistic spatial simulation is required. Researchers have already investigated 3-D extraction methods of geographical features, buildings, and road networks based on aerial photographs, satellite imagery, and SAR images by utilizing sophisticated techniques with laborious effort [1] , [2] . Although acquisition of these 2-D images cost less and take less time, images in 2-D format are inadequate for accurate modeling and for defining road boundaries due to their lack of high resolutions.
The LIDAR (Light Detection and Ranging) system has been introduced as a new tool that efficiently provides accurate data collection from extensive areas. LiDAR holds great potential to replace traditional altimetry, eliminating high cost and inefficiency. It consists of a laser scanner which transmits and detects infrared signals to measure range, GPS which provides a sensor position, and inertial navigation system which provides orientation information. The acquired data represents intricate height surfaces including artificial objects, such as buildings, and natural objects, such as trees and rocks. Thus, preprocessing becomes a necessity in order to remove non-road object points and several algorithms have already been proposed [3] - [9] .
Another feature of the LiDAR system is the ability to measure range by capturing laser reflectance. Laser reflectance is defined as a ratio of signal strength at transmission to signal strength at detection. For the measurement of reflectance, the most commonly used sensor wavelength is around 1µm. The reflectance can be a crucial parameter to classify objects. Alharthy [10] reported that typical objects at the wavelength of 0.9 µm as 17, 50, 25, 60 and 30% for asphalt, beach sand, concrete, broad-leaved tree and needle-leaved tree, respectively. Some researchers [10] - [12] tried to extract roads using reflectance.
In this study, a novel algorithm is proposed to extract road points in urban areas, where the road networks are more intricate than rural areas, utilizing features of roads and advanced clustering technique for 3-D LIDAR data. Raw data from LiDAR have been used in order to achieve better accuracy without interpolation to raster format. Both the geometric features of roads governed by regulations and characteristics of laser reflectance have been quantified into the automatic algorithm for road point extraction.
Extraction Algorithm of Road Points
A whole processing pipeline consists of clustering procedure based on height of data points, secondary clustering procedure based on average reflectance of clusters, and final extraction procedure to examine validity of roads governed by regulation. The overall procedure of an optimal road point clustering would be described in a pseudocode as below: 
Clustering LiDAR points
Most clustering methods depend on the height value of each LiDAR point. However, a convolution method, which is commonly utilized for regular grid data types, such as DEM, cannot be applied to the raw LiDAR data due to their spatial irregularity. Thus, a simple clu stering based only on height value may cause incorrect grouping. In this paper, a buffering method for data points is adapted in order to cluster adjacent irregular data points correctly.
If we assume that S is a set of all LiDAR points p 1 through p n , S can be defined as:
(1) A buffering method includes every point which is located within a given radius r from a center point p c as shown in (2) .
Then, selected points get assigned with a new group identification number shown in (3) .
and h ∆ are a point group within a buffer, the height of center point, the height of target point, and a threshold height assigned for the same group, respectively. If the difference of a point in height from the center point is greater than the assigned threshold, then a new identification number is assigned to the point. The procedure is repeated until every point gets its own group identification number. It is common to have other objects over the road, such as moving vehicles, trees, or side walks. In the clustering methods based on height, the area of road which is covered by those objects cannot be classified as a road due to differences in their height. Thus, the non-road object points (called erroneous points from now on) must be removed to extract correct road network. In the proposed method, the erroneous points were defined by considering geometric properties of roads in terms of its shape and size. If the size and shape of a group is not met to be a road, the group is classified as a group of erroneous points. 
By the buffering method, erroneous point groups are identified by the inclusion of points from other groups within the buffer radius.
Meaningful objects could possibly be misrecognized as erroneous points, but this aberration does not interfere with road network recognition so therefore does not represent a crucial problem. For instance, A single steep angular object might be grouped into multiple groups, rather than a single group, if a small threshold value of h ∆ in (3) is chosen. Thus, objects classified as an erroneous points group can sometimes be meaningful objects as long as it is smaller than the road width. Also, this indicates the importance of the height of the points to the algorithm based proposed method.
Utilization of reflectance
It is difficult to group roads accurately with only height information. In this paper, the reflectance information is utilized to find optimal clustering method. Assuming roads are covered with asphalt in urban areas and under ideal conditions, the average reflectance of the asphalt surface is about 17%. However, actual values of observed reflectance vary significantly due to various road substances, surface conditions, and inherent errors in measurement. Thus, a group of a sample road, which is clearly visible from aerial photographs in a region, was selected to calculate the average and standard deviation of the reflectance of typical roads.
Data points of a candidate road can be estimated with the values of average and standard deviation of reflectance. If i G is a point group of which identification number is i , the candidate road points can be defined as in (5) However, the reflectance of the roofs of buildings or other structures may be similar to the reflectance of the road surface materials. Assuming that the elevation of most roads is lower than the elevation of buildings, the value of the reflectance is combined with elevation information in this proposed method. The probable road points can be defined as (6) , which selects points of high probability of classifying roads integrated by both reflectance and elevation. 
Extraction of road points
The probable road points are defined in (6), but it will miss roads with elevations that are higher than the threshold value ε . Although roads may be built higher than usual, its maximum slope is restricted by road construction regulation in most countries. The maximum slopes and widths of roads are specified for human safety. Let d and h ∆ respectively be the distance between two data points and their height difference. Then, the slope ρ can be defined as in (7).
During a buffering procedure for an arbitrary point If the buffering procedure is executed with radius d , the final road point group can be formularized with the maximum slope ρ , which is predefined, as in (8) . Since moving vehicles and trees are grouped as erroneous group points in (4), the road appeared disconnected where the non-road objects were located. Every erroneous group point is not considered as road, and it is necessary to reclassify the erroneous region as road by only erroneous point groups related with road, such as cars or road trees. If an erroneous point group actually belongs to a road group, the region would be completely surrounded by road region.
Application and Results
LiDAR data used in this research has been collected with the Optech ALTM3070 LiDAR system in Korea. The area also contains a school ground which has the same elevation as the road. Visible aberrations on the road, such as crosswalks and many moving vehicles, also exist within the image. Thus, the test data sets are relatively complicated road networks to extract.
Clustering by height and reflectance
It is obvious that non-road objects, such as buildings and vegetation, have different heights than roads. Thus, the height value is the first criteria to cluster road points from LiDAR points because most roads exist at ground surface level. Height value of every LiDAR point was tested out by (3) and filtered out if it was higher than 0.5m. The unfiltered points were clustered with primary road points from the procedure.
However, bare ground points, such as a playground, may have the same elevation as roads, and consequently, they are clustered as road. Fig. 2 shows the problematic case where the road and the playground coexist in the same area. Fig. 2(a) is an aerial photograph of the area, and Fig. 2(b) displays mean reflectance and standard deviation for both A and B regions in the corresponding photograph. Fig. 2(c) shows road points clustered based on only height information overlapped onto the original digital image.
The playground is clustered with the road because its height is very similar to one of road. However Fig.  2(b) shows that the reflectance of the road is only 15% while the reflectance of the playground is over 50%. It is clear that the reflectance will exclude playground from the road point cluster. Since the maximum standard deviation of reflectance was 5%, the 5% was given as an ε in (6). Fig. 2(d) shows the improved road points cluster eliminating playground region. 
Selection of final road points
If the road is built high above the ground surface, those road points cannot be classified as road because the average height of those points is too large. However, every high road is extended from the road on the ground surface in accordance with road safety regulations. The final road points were grouped using a slope factor as shown in (8) . Since the maximum slope of roads allowed in Korea was 16º, the possible maximum difference in height would be 0.48m for a single lane with a width of 3m. Thus, the optimal road points are from acceptable reflectance, which is within mean reflectance with one standard deviation, and which of height difference is smaller than 0.48m.
Theoretically, it is possible to detect very narrow roads using the proposed method. However, the radius used for the buffering method is set to detect roads 3m wide or wider. Fig. 3 shows the progression of sequential results to find road points from the final road point group defined (8) . 
Results
A proposed method has been applied to each test data introduced in Fig. 1 . Road points are overlapped onto aerial photographs and digital maps, scaled at 1:5,000. Fig. 4 displays the four result images from the test data in Fig. 1 . The depicted road includes erroneous point groups with regions smaller than the road. The brown points are correct road point groups while the yellow points represent false positives. Results show that the resolution of LiDAR data points is not crucial to the proposed method. Road networks from both Area I and II are clearly clustered correctly. 
Performance
Errors are classified as two types, Type I and Type II. Type I error is a ratio of the number of false negatives to the total number of road point groups while Type II error is a ratio of the number of false positives to the total number of non-road point groups. Thus, summed error is the ratio of the number of all the incorrectly clustered points to the total number of data points.
All test data were taken from large cities with many parking lots, which were at the same elevation as roads and were covered with the same surface material as roads. The results are summarized in Table I . Speed bumps and white crosswalk markings are difficult objects that require special handling. The proposed method clusters these points as clustered points without any problem. The method works well because it clusters road points first based on their heights and also uses the averaged reflectance. Results also prove the proposed method's competency amongst speed bumps and road marks.
Conclusion
A novel method is proposed to cluster road points automatically from LiDAR data points based on height information and re-clustering road points using average reflectance. The algorithm uses the raw data in vector format without preprocessing of data points to save computational time. Because the algorithm uses both height and reflectance information, it is able to detect speed bumps and road marks as road network. It also recognizes small objects over road as road applying a buffering method.
Results from the proposed method demonstrate adaptability, reliability and accuracy. It can filter out small objects over roads and group road networks correctly. In case of parking lots with elevations and surfaces similar to roads, Type II (false positive) errors were somewhat high. However, if the parking lots can be considered part of a road, the error rate is always less than 1%, and the average error is only 0.77%. It has been also proved that the proposed method extracts road network with extreme reliability.
